Previous attempts to establish a link between carotenoid-based plumage reflectance and diet have focused on spectral features within the human visible range (400-700 nm), particularly on the longer wavelengths (550-700 nm) that make these plumages appear yellow, orange or red. However, carotenoid reflectance spectra are intrinsically bimodal, with a less prominent but highly variable secondary reflectance peak at near-ultraviolet (UV; 320-400 nm) wavelengths visible to most birds but not to normal humans. Analysis of physical reflectance spectra of carotenoid-bearing plumages among trophically diverse tanagers (Thraupini, Emberizinae, Passeriformes) indicated that both the absolute and relative (to long visible wavelengths) amounts of short waveband (including UV) reflectance were lower in more frugivorous species. Striking modifications to the branched structure of feathers increased with frugivory. These associations were independent of phylogenetic relatedness, or other physical (specimen age, number of carotenoid-bearing patches) or ecological (body size, elevation) variables. By comparison, reflectance at longer visible wavelengths ('redness') was not consistently associated with diet. The reflectance patterns that distinguished frugivores should be more apparent to UV-sensitive birds than to UV-blind humans, but humans can perceive the higher plumage gloss produced by modified gross feather structure. Basic aspects of carotenoid chemistry suggest that increases in pigment concentration and feather dimensions reduce short waveband reflectance by the plumages of frugivores.
INTRODUCTION
The extraordinary diversity of avian plumage colours challenges attempts to formulate unifying explanations. One generalization that has attracted considerable interest claims that the many yellow, orange and red colours based on carotenoid pigments are linked to what a bird eats (Slagsvold & Lifjeld 1985; Hill 1992; Hill et al. 2002; Fitze et al. 2003) . The underlying premise of this 'diet scarcity' hypothesis is not controversial because a variety of studies indicate that birds, like other animals, must ingest carotenoids to use the characteristic long wavelength reflectance of these pigments for integumentary displays (Bjerkeng et al. 1990; Hill 1992 Hill , 1993 Putnam 1992; Linville & Breitwisch 1997; Inouye et al. 2001; McGraw et al. 2002) . The diet scarcity hypothesis builds on this observation, however, in proposing that there is a direct connection between the kinds and amounts of carotenoids in the diet and those ultimately deposited in the plumage. The existence of such a link between diet and colour has potentially broad-reaching implications for theories of animal communication because any costs associated with the acquisition and deposition of carotenoid pigments could make them 'honest' signals of individual quality in relation to competition for limiting resources, including food and mates (Olson & Owens 1998; .
Despite the seemingly straightforward mechanism of dietary restriction on coloration, whether and how diet affects the expression of integumentary carotenoids remain contentious. It is well known that carotenoid-based colours in captive animals, fed artificial diets, can change dramatically, but the relevance of this phenomenon to wild animals has been questioned (reviewed in Hill et al. 2002) . Moreover, even when more natural diets are selected, quantitative effects of diet on carotenoid-based colour variation, within or between the sexes, appear to be relatively minor, possibly because a suite of physiological factors swamp the dietary ones (reviewed in McGraw et al. 2003) . Conversely, sexual differences in carotenoid-based coloration occur even when males and females select the same diet . It has also been claimed that plumage colour is shifted to longer 'redder' wavelengths (Hill 1996) , or is more extensive (Mahler et al. 2003) , or both, in species that ingest more carotenoids. Even a cursory survey reveals, however, that birds with redder and/or more extensive carotenoid-based colours are not limited to a particular trophic group.
Nevertheless, most tests of the diet scarcity hypothesis restrict the window of potentially informative variation to intraspecific (individual or intersexual) comparisons, and to the portion of the electromagnetic spectrum visible to humans. However, interspecific variation provides for greater distinctions in plumage and diet (Hill 1996; Mahler et al. 2003) , and controls for sexual physiology, because comparisons can be restricted to one or the other sex. Moreover, carotenoid spectra exhibit a secondary reflectance peak in the near-ultraviolet (UV), wavelengths (Burkhardt 1989; Bleiweiss 2005) visible to most birds but not to normal humans Hart et al. 2000) . Both the visible (approximately 500-700 nm) and UV (approximately 300-400 nm) reflectance bands result from a strong absorption band over short visible wavelengths (approximately 400-500 nm), which creates (to varying degrees) the bimodal profile (Ke et al. 1970; Bleiweiss 2005) . Indeed, chemists use absorptive properties to analyse carotenoids because the atomic structure and concentration of the carotenoid molecules determine the shape and prominence of the absorption band in a very precise way. Thus, omitting UV wavelengths ignores the physical mechanism by which carotenoids produce colour, as well as how birds may perceive these pigments.
Herein, dietary correlates of carotenoid-based plumage reflectance are tested for trophically diverse species of tanager (Thraupini, Emberizinae, Passeriformes), a group of birds that are famous for their carotenoid-based plumage colours (Bleiweiss 2005) . The emphasis on interspecific variation, and on UV reflectance, reveals potentially more general markers of diet based on properties of shorter waveband reflectance, and on modifications to the branched structure of feathers. The chemical properties of carotenoids suggest that reduced short waveband reflectance by plumages of frugivores results, in large part, from the birds' ingestion and deposition of higher concentrations of carotenoids, augmented by modifications to feather dimensions.
MATERIAL AND METHODS (a) Assessment of carotenoid characteristics
Reflectance spectra for human-visible (hereafter 'visible') yellow, orange and red plumage patches were recorded from single individuals of 53 species, and from two individuals of an additional three (Ramphocelus spp; see x 4) species (56 total species, comprising 27 or ca. 50% of recognized tanager genera; Isler & Isler 1999) . Reflectance spectra over the range of wavelengths to which related birds are sensitive (320-700 nm; Cuthill et al. 2000; Hart et al. 2000) were generated with a Perkin-Elmer lambda-9 UV-VIS spectrophotometer equipped with a 60 mm integrating sphere (for details, see figure 1 and Bleiweiss 2005) . Previous studies have demonstrated that carotenoids are largely responsible for yellow, orange and red plumages in tanagers (Brush 1967 (Brush , 1970 Johnson & Brush 1972; Hudon 1989; Bleiweiss 2005) . Excluded plumages combined carotenoids with other colourgenerating mechanisms (blue structure or melanin pigment), which produce colours other than yellow, orange or red. Comparisons were limited to males to control for effects of various factors relating to sexual dichromatism (hormones, reproductive physiology, etc.).
(b) Variables of curve shape and feather structure
The spectral location of the reflectance band at long visible wavelengths (so-called 'cut-off ' wavelength) was estimated as the value midway (kR vis50 ) between that of minimum (kR min ) and maximum (at or near 700 nm) reflectance (figure 1a; Pryke et al. 2001) . The absolute intensity of the UV peak was estimated as the maximum reflectance between 320-400 nm (R UVpeak ; figure 1a) . The relative intensity of the UV reflectance band (R contrast ) was estimated as the difference in reflectance between two spectral segments (non-overlapping wavebands; sensu Endler 1990), parti- figure 1a ). Results based on other measures of short-wavelength reflectance (e.g. R 320-400 , R contrast based on kd ¼ 400 nm) led to similar conclusions.
No specific psychometric interpretations of these variables of curve shape are necessary to determine their utility as biomarkers of diet. Pryke et al. (2001) , however, determined that some preceding measures of curve shape explained significant variation in human colour perceptions of spectral location or hue (kR vis50 , 88%), and spectral purity or chroma (R contrast based on kRv is50 , 75%), as estimated by the CIE system of human colour space (International Commission on Illumination 1971). Therefore, my measures of curve shape may approximate human or even avian (Endler 1990; Pryke et al. 2001) perceptions of colour, although the parameters I measured differ from those employed in psychology. In any case, these correlations validate use of kR vis50 , as a proxy for human perceptions, to test the association of diet with 'redness' (human-perceived hue variation, which excludes the UV).
In addition to their characteristic colours, the branching structure of pennaceous contour and flight feathers laden with carotenoids is often highly modified (Olson 1970; Brush 1990 ). These modifications (hereafter referred to as 'gross' structural changes, to distinguish them from internal nanoarchitectures that produce structural colours; Prum et al. 1999) can affect a feather's absorptive properties (Brush 1990 ). Modified feathers also have a strong surface gloss, which may be enhanced by the presence of a thick cuticle (Olson 1970) . To determine if gross structural changes were associated with changes in diet, external feather structure was examined microscopically, and scored on an ordinal scale, based on distinctive changes to the multi-level branching structure of contour feathers, as follows: 1 ¼ four-level branching including rachis, ramus, barbule and barbicles; 2 ¼ loss of barbicles; 3 ¼ distal fusion/loss of barbules; 4 ¼ total fusion/loss of barbules; 5 ¼ total fusion/loss of all branches (club-shaped; Innes 1979).
(c) Independent variables
Diet was quantified in terms of fruit consumption on the expectation that carotenoid content is broadly higher in fruits than in other dietary items such as insects (Goodwin 1984; Olson & Owens 1998) . Trophic data were taken from the most recent monographic treatment of tanagers (Isler & Isler 1999) . Each taxon received a diet index score, based on the proportion of fruit consumed. Diet data obtained by direct observations of foraging birds, although many diets were assessed from stomach contents alone. Diets based on stomach contents, and described only as having both fruit and animal material, were scored as 50% frugivorous. Sampled species range from entirely (100%) insectivorous to entirely frugivorous (table 1) . This exceptional trophic divergence provides an excellent basis for evaluating links between diet and plumage reflectance. Literature values for several control variables (table 1) were entered into statistical analyses so that the effects of diet, independent of other potential affects on pigmentation, could be determined; control variables included collection year for each study skin (fading of pigmentation over time), body size (metabolism, life history relating to social behaviours), centre of elevational distribution (humidity, light environment) and number of carotenoid patches (see x 2a).
(d) Statistical analyses
All carotenoid-bearing patches were scanned at least twice and replicate curves were averaged for use in subsequent analyses. Differences in reflectance measurements, among replicate spectra for the same colour patch from the same or different individuals of the same taxon, were small (less than 2%, usually less than 1%; figure 1c), implying that inter-taxon variation far exceeds intrataxon variation.
Multiple regressions, which contained all independent variables, were implemented, because the goal was to determine the association of spectral features with diet, while controlling for the potential effects of a shared set of additional independent variables (rather than implementing a stepwise procedure to determine the best predictive equation). Models that included all linear terms are reported (inspection of models with interactions failed to reveal any significant nonlinear responses). Data met assumptions of least-squares models following suitable transformations, as follows. Percentage of fruit in diet was arcsine-transformed because proportions form binomial rather than normal distributions (Sokal & Rohlf 1981) . R contrast values were squared to improve homogeneity of variance, which otherwise was significantly less among progressively more frugivorous species. The Isler & Isler (1999) . Whenever possible, plumage of specimens was characterized from the geographic region, or subspecies for which diet data were available. c Total length (mm); from Isler & Isler (1999) . Length, available for more taxa than mass, but significantly correlated with mass r ¼ 0:988, p < 0:00001. d Average of minimum and maximum elevational occurrence (m), results similar with extremes; from Isler & Isler (1999) . e Number carotenoid patches (see x 2a) from standard region: face, auriculars, forehead, crown, back, rump, throat, breast, belly, flank, thigh, wing, tail.
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To incorporate phylogenetic information into statistical analyses, the method of independent contrasts was used (Felsenstein 1985) , as implemented by software described in Garland et al. (1993 Garland et al. ( , 1998 . A working phylogenetic hypothesis for Thraupini (electronic Appendix A; see also Bleiweiss 2005) was constructed from the most recent molecular studies among genera (Burns (1997) ; see Banks et al. (2003) for qualifications on this phylogeny) and among species within genera (see Hackett 1996; Burns 1998) , supplemented with hypotheses based on conventional taxonomy (Isler & Isler 1999) . In the absence of branchlength estimates for most of the tree, speciational (unit branch lengths) change models were employed (Garland et al. 1992) , which provided excellent standardization of contrasts (non-significant correlations between absolute values of standardized independent contrasts and their standard deviations; Garland et al. 1992 ) for all variables. Analyses presented here employed summary values representing the maximum, minimum and average values across all patches for each species. Other analyses, based on gradual (continuous branch lengths) models of change, and on distinguishing all carotenoid-based patches for each taxon (treated as soft polytomies in the phylogeny), led to similar conclusions.
Earlier studies lead to an expectation that increased redness (Hill 1996) , reduced short-wavelength reflectance (Grether 2000; Saks et al. 2003) or even modification to feather structure (Brush 1990) , should accompany ingestion of greater quantities of carotenoids (by more frugivorous species). Therefore, significance of directed (Rice & Gaines 1994) , as well as two-tailed tests, are reported; general conclusions remain unchanged if only two-tailed probabilities are considered, however. The sequential BonferroniHolm method (Rice 1989 ) was used to adjust p-values within each multiple regression, as well as across summary values (average, minimum, maximum), when applicable. All statistical analyses were conducted in SAS for Windows (v. 8; SAS 2003) .
RESULTS (a) Independent variables
Considerable variation is present among values for all independent variables, which attests to a substantial diversification of tanagers with respect to diet, body size, elevational distribution and extent of carotenoid-based colours (table 1) . No significant correlations were, however, observed among independent variables (table 2).
(b) Response of curve shape All spectra had a major reflectance band that extended over longer (550-700 nm) visible wavelengths (figure 1). Spectra differed, however, in the prominence of a secondary reflectance band that extended from short visible (450 nm) through near-UV (320-400 nm) wavelengths (figure 1; Burkhardt 1989; Cuthill et al. 2000) . Reflectance over the shorter waveband varied from less than 2% to ca. 20% of maximal visible reflectance; this nearly 10-fold difference is comparable to the variation observed at longer visible wavelengths (Bleiweiss 2005) .
Four important results emerged from the multiple regression analyses (table 3; figure 2). First, both absolute (R UVpeak ) and relative (R contrast based on R min ) amounts of short-wavelength reflectance were significantly lower in more frugivorous taxa (table 3; figure 2). Trends for absolute (R UVpeak ) and for relative (R contrast based on R min ) UV have opposite signs (figure 2) because a low value for the former corresponds to a high value for the latter. Notably, the relative measure of short wavelength reflectance that combines short with some long waveband reflectance (R contrast based on kR vis50 ) was not significantly associated with diet. Second, gross modifications to branching feather structure (average and minimum) increased significantly in more frugivorous taxa. Third, measures of curve shape relating to total reflectance (R 320-700 ) and to 'redness' (kR vis50 ), lacked strong and consistent associations with diet. Fourth, the control independent variables were not associated with absolute (R UVpeak ) or relative (R contrast ) levels of UV. These conclusions were strengthened when the outlier (contrast for yellow back feathers of Chlorochrysa nitidissima; see, especially, R contrast based on kR min in figure 2) was removed (R. Bleiweiss, unpublished data).
DISCUSSION
The study indicates that frugivory is associated with a reduction in short-wavelength plumage reflectance, and with an increase in gross feather modifications that impart a higher plumage gloss. The stronger association of diet with shorter, compared with longer, wavelength reflectance seems paradoxical given the prominence of long wavelength reflectance by carotenoids (Bleiweiss 2005) . Nevertheless, the weak associations observed between diet and longer wavelength ('redder') reflectance (figures 2 and 3) agree with results obtained by Hill et al. (2002) for individual wild house finches (Carpodacus mexicanus), suggesting a robust pattern. The large UV component to short wavelength reflectance should make visual distinctions between insectivores (high UV) and frugivores (low UV) more noticeable to UV sensitive birds (which include most oscine passerines like tanagers; Hart et al. 2000) than to UV-blind humans. Indeed, passerines respond behaviourally to differences in UV plumage reflectance far less (Andersson et al. 1998 ) than the variation documented among tanagers. The surface gloss associated with differences in gross feather structure should enhance the distinction between frugivores (high gloss) and insectivores (low gloss). Known chemical properties of carotenoids provide a strong basis for considering proximate and ecological causes of these novel biomarkers of diet. (a) Physico-chemical factors Several empirical observations reinforce the chemical principle that bimodal reflectance spectra are an intrinsic property of carotenoids. First, pure extracts of carotenoids assayed in vitro produce similar bimodal spectra (Liebman & Granda 1975; Goldsmith et al. 1984) , though chemical assays usually plot absorption spectra, which are inverted relative to reflectance (measure in vitro, as transmittance) spectra. Second, bimodal spectra are observed in such different carotenoid-laden structures as plumage (this study), flowers (Chittka et al. 1994) and retinal oil droplets (Goldsmith et al. 1984) , suggesting that carotenoids underlie the bimodal reflectance in such different biological materials. Third, extraction of all carotenoids from (yellow) feathers changes the feathers' reflectance profile from bimodal to uniformly high ('white'; Mays et al. 2003) . Internal nanostructures can also produce short-wavelength-specific reflectance (Prum et al. 1999) . Removal of carotenoids, however, should not eliminate a distinct peak produced by nanostructures, which are formed from keratin bars and air spaces. Conversely, even amorphous media, such as in vitro solutions and oil droplets, can express the bimodal pattern, and a strong UV peak (measured as transmittance). Taken together, these patterns indicate that variation in carotenoid absorption dictates variation in bimodal reflectance observed in tanager feathers.
The data suggest that the reflectance qualities of plumage are also influenced by changes in gross feather structure, which parallel changes in degree of bimodality of spectra. A reduction in short-wavelength reflectance, owing to modifications in gross feather structure, is further implicated by exceptions to the general association between low UV reflectance and frugivory. Specifically, the yellow back feathers of Chlorochrysa nitidissima are as modified as those in frugivores, and reflect just as little UV, even though C. nitidissima is largely insectivorous (figure 2). Therefore, carotenoid pigments and gross feather structure may jointly alter reflectance among carotenoid-based plumages. The existence of chemical and physical determinants of reflectance is consistent with evidence that controls on gross feather structure are to some extent genetically distinct from those on carotenoid pigmentation (Brush 1990) . The nature and independence of these effects, which may include pigment Â feather protein interactions (Stradi et al. 1997) , require further study.
In addition to these influences, differences in the overall reflectivity of the unpigmented feather matrix (whiteness; see Burkhardt 1989 ) may contribute to reflectance amplitude of visible and UV wavebands. Furthermore, concentrations of melanins, which absorb strongly in the UV, may alter reflectance amplitude, even in feathers that appear coloured entirely by carotenoids (Burkhardt 1989; Hudon 1989 ). However, deposition patterns for melanins depend, at least as much on endogenous metabolism, as on footnotes to table 3 Plumage markers of diet R. Bleiweiss 2331 diet. Accounting for the effects of melanins on reflectance properties of feathers that also contain carotenoids should, therefore, improve associations between reflectance and diet.
(b) Dietary restrictions and plumage reflectance
According to the diet scarcity hypothesis, frugivores should ingest larger quantities of carotenoid-rich foods (fruits; Goodwin 1984) , and, thus, deposit correspondingly more pigment in their feathers (Olson & Owens 1998) . The reduction in short wavelength reflectance in frugivores (lower R UVpeak or higher R contrast ) supports this prediction indirectly because increased carotenoid concentration in vitro reduces short wavelength reflectance (usually measured as transmittance ; Liebman & Granda 1975) . For example, retinal oil droplets that contain higher carotenoid concentrations also have lower UV transmittance than droplets containing less pigment (Goldsmith et al. 1984) . Ultraviolet transmittance also increases when droplets are diluted in mineral oil (Liebman & Granda 1975; Goldsmith et al. 1984) . Similarly, carotenoids in Ramphocelus spp. plumage lack appreciable short-wavelength reflectance (figure 1b), but show high transmittance of short wavelengths when diluted in vitro (Brush 1970) . Dilute carotenoids also generate more prominent local maxima and minima within the main absorbance band (400-500 nm), features also observed in plumage with more UV reflectance (figure 1a).
Higher concentrations of carotenoids in the plumages of frugivores can also be inferred from the positive association of R contrast with chroma (see x2) because a higher carotenoid concentration is strongly associated with a higher chroma (as calculated under a variety of analytical assumptions; compare results of Grether 2000 and Saks et al. 2003 ). An association between chroma, or R contrast , and pigment concentration makes physical sense because both reflectance parameters estimate spectral contrast (deviations from uniformly high reflectance over all wavelengths, or 'whiteness'). Given that carotenoids produce colour by the selective absorption of short wavelengths of light, increased carotenoid concentration should decrease uniformity of reflectance, and hence, increase values of chroma or R contrast .
Changes in gross feather structure may contribute to associations between short-wavelength reflectance and diet because absorptive properties of pigments, including of carotenoids, depend on physical dimensions of the pigmented matrix (Liebman & Granda 1975) . Notably, the modified feathers of frugivores are reduced to the thicker main branches (rachis and barb) of the feather. In similar feathers in other birds, the internal structure also changes such that the area laden with carotenoids (cortex) occupies the entire body of the feather barb (Olson 1970 ). These structural changes should lengthen the 'optical' path that light travels through the pigmented region, which should increase absorption (Liebman & Granda 1975) . Although red shifts (higher kR vis50 ) can result from changes in pigment concentration and optical path length, these shifts can also arise because of intrinsic differences in the absorptive properties of the pigment species, related to its atomic structure (Ke et al. 1970; Brush 1990) . Therefore, the weaker association of redness with diet may arise, in part because pigment species are not associated with particular diets.
These considerations suggest that carotenoid-based plumage reflectance, particularly the short-wavelength component, can convey information about the physicochemical composition, and hence, about the 'honesty' of the cost of producing a particular signal. The costs may relate both directly to the carotenoids and indirectly to associated changes in feather structure. For example, Dorst (1974) proposed that carotenoid-rich coloration in flight feathers is limited in occurrence because the accompanying structural modifications reduce aerodynamic efficiency. Moreover, loss of the branching structure of a pennaceous feather might compromise water-proofing (Elowson contrasts of species-specific maximum values for R UVpeak , R contrast (based on kR min ) and feather structure in relation to per cent fruit in diet (not partial values that control for effects of other regressors). Term in parentheses after R contrast indicates segment divider used in calculation. For R contrast , the datum representing the contrast between Chlorochrysa nitidissima and C. calliparaea (arrow) deviates markedly from the overall trend because short-wavelength reflectance by yellow back plumage in C. nitidissima is anomalously low for its largely insectivorous (87%) diet. Note significant correlations between variables of curve shape, or of feather structure with diet.
1984). Indeed, a rich fruit diet may be necessary for both the pigmentary and structural characteristics of frugivore plumage because lipids and other fatty compounds, readily available in fruits, may be needed to dissolve the carotenoids before their deposition, and to form the thick outer cuticle often present on these feathers (Olson 1970) , which may counteract wetting. On the other hand, several observations argue against a developmental response of gross feather structure to a frugivorous diet deficient in feather proteins, or their precursors. These observations include evidence for some genetic component to the gross structure of carotenoid-laden feathers (see Brush 1990) , the presence of the same gross feather structure in some insectivores (yellow back plumage in C. nitidissima), and the absence of any trade-off between area of carotenoidbearing plumage (structure) and diet (table 2) . Therefore, modifications to gross feather structure seem to be associated with presence of carotenoids, not with absence of other potentially limiting dietary constituents (e.g. feather proteins). In any case, modified feather structures could serve as amplifiers (sensu Hasson 1989) of honest signal cost.
(c) Additional ecological factors Carotenoid-rich epidermal displays have been suggested to arise through mate choice for signals that stimulate a pre-existing nervous system and/or sensory bias for foods rich in carotenoids (Ryan & Rand 1990; Endler 1992; Rodd et al. 2002) . Based on the associations reported herein, such 'sensory exploitation' predicts that frugivorous tanagers forage preferentially at carotenoid-rich glossy fruits with disproportionately little UV reflectance. However, strong UV reflectance occurs in many birddispersed fruits (including ones whose skin or capsules appear coloured by carotenoids), and experimental manipulations indicate that the UV component is critical for attracting avian foragers (Altschuler 2001) . UV reflectance by bird fruits may take the form of a distinct peak, or of an increase in reflectance over all wavelengths (decrease in R contrast ), owing to the presence of a waxy coating that produces an unglossed 'bloom' (Burkhardt 1982; Willson & Whelan 1989; Altschuler 2001) . In either case, the reflectance patterns of UV-rich fruit signals resemble reflectance patterns of carotenoid-based plumages of insectivores (high UV) more than they do of frugivores (low UV). Conversely, some longer-wavelength reflectance patterns (human-visible yellows), which are widespread among frugivore plumages, are atypical for bird fruits in habitats where most tanagers live ( Janson 1983; Wheelwright & Janson 1985) .
The ambient light spectrum can also favour signals of certain wavelengths, based on what appears conspicuous or cryptic in a particular environment (Endler 1993) . Contrary to expectations of such 'sensory drive', I found that UV reflectance by plumage did not increase at higher elevations, where there is more ambient UV (Hailman 1977) . Indeed, the absence of obvious environmental correlates of pigmentation among tanagers suggests that diet affects plumage colour directly, rather than only indirectly through differences in availability of carotenoid-rich foods in different habitats (Slagsvold & Lifjeld 1985; Fitze et al. 2003) . At a finer environmental scale, short-wavelength reflectance may camouflage insectivores against translucent foliage and, thereby, gain them an advantage in hunting for insect prey, many of which can detect UV. Different insectivorous tanagers (high UV plumage reflectance), however, typically live and feed at different heights, and under very different ambient light conditions (Isler & Isler 1999) , including in the canopy (Hemithraupis spp.), at mid-heights (Thlypopsis spp.), in thick underbrush (Hemispingus spp.) or even on the ground (Rhodinocichla sp.).
(d) Evolution
Residual variation in reflectance, not associated with diet, could result from the aforementioned, or other factors (e.g. habitat and vegetation cover), not considered herein. For example, frequent contact and contests between bird species over critical resources appear to be capable of driving divergence or convergence in appearance (Cody 1969; Moynihan 1979) . Notably, many tanager species habitually associate among themselves and with other birds in mixed species feeding flocks (Isler & Isler 1999 ). These behavioural dynamics may interact with dietary preferences and other factors to determine plumage colour (e.g. via social mimicry). Although field studies are needed to address these possibilities, the diet-reflectance association implies that carotenoids code dietary niche evolution, including phenotypic divergence, and convergence in diet and plumage colour. As the dietary distinctions among tanagers apply to many levels of avian evolution, the patterns observed herein should apply broadly among birds.
